Advanced Imaging in Glaucoma Study Group
S
canning laser polarimetry (SLP) incorporates a confocal scanning laser ophthalmoscope with an integrated polarimeter that measures the amount of retardation of a polarized near-infrared laser beam as it passes through the RNFL. [1] [2] [3] [4] [5] [6] The latest commercial polarimeter has an integrated variable corneal compensator (VCC) that determines and neutralizes the eye-specific corneal polarization axis and magnitude by using the concept of the macula as an intraocular polarimeter. 5, [7] [8] [9] Studies have shown that SLP with VCC significantly improves the structure-function relationship, 10 -13 agreement with other imaging technologies, 11, 14 and discriminating power for the detection of glaucoma. 6, 9, 15, 16 It has been reported that in a subset of eyes, the SLP-VCC scans have atypical birefringence patterns (ABPs), so that the brightest areas of the retardation maps are not consistent with the histologically thickest portions of the peripapillary RNFL located along the superior and inferior arcuate bundles. 15 An enhancement module (enhanced corneal compensation, ECC) has recently been described to eliminate artifacts associated with atypical birefringence patterns by removing the noise and enhancing the signal. [15] [16] [17] The ECC algorithm introduces a predetermined large birefringence bias to shift the measurement of the total retardation to a higher-value region, to remove noise and circumvent the problem of atypical patterns. 16 The purpose of this investigation was to examine the association between scanning laser polarimetry using ECC and VCC with OCT measures and to compare their discriminating ability for glaucoma diagnosis.
METHODS
Healthy volunteers and patients with glaucoma who met the eligibility criteria were prospectively enrolled at four clinical sites (Advanced Imaging in Glaucoma Study [AIGS] Group; refer to www.AIGStudy.net for full manual of procedures for the AIGS). All participants signed a consent form approved by the Institutional Review Board for Human Research of the participating institutions, which was in agreement with the provisions of the Declaration of Helsinki. All subjects underwent a complete ophthalmic examination, including slit lamp biomicroscopy, dilated stereoscopic examination, gonioscopy, Goldmann applanation tonometry, ultrasound pachymetry, and photography of the optic disc. Two reliable visual field (VF) examinations were obtained with standard automated perimetry (SAP; Humphrey Field Analyzer; Carl-Zeiss Meditec, Inc., Dublin, CA), by using the SITA (Swedish Interactive Threshold Algorithm) standard strategy program 24-2. Only one eye per subject was enrolled. If both eyes met eligibility criteria, one eye was selected randomly.
Inclusion criteria common to both groups consisted of refractive error between Ϫ7.00 and ϩ3.00 D, best corrected visual acuity equal to or better than 20/40, age range between 40 and 79 years, reliable SAP (Ͻ33% rate of fixation losses, false positives, and false negatives), and no prior history of intraocular surgery except for uncomplicated cataract extraction. Any ocular disease other than glaucoma or cataract, visual acuity Ͻ20/40, peripapillary atrophy extending to 1.7 mm from the disc's center, retinal disease, or unreliable SAP caused the volunteer to be excluded from the study. Normal subjects consisted of volunteers such as office employees and friends or family members of patients with glaucoma. Normal subjects had no history of ocular disease except cataract, intraocular pressure (IOP) less than or equal to 21 mm Hg by Goldmann applanation tonometry, normal optic disc appearance based on clinical stereoscopic examination and review of stereodisc photography. All normal eyes had two SAP examinations with normal findings, defined as glaucoma hemifield test results within normal limits, and mean and pattern standard deviation (SD) of P Ͼ 5%. Absence of glaucomatous optic neuropathy was defined as vertical cup-to-disc asymmetry Ͻ0.2, and intact neuroretinal rim without peripapillary hemorrhage, thinning, localized pallor, or RNFL defect. Glaucomatous optic neuropathy was defined as either cup-to-disc asymmetry between fellow eyes of greater than 0.2, rim thinning, notching, excavation, or RNFL defect. Patients with glaucoma had glaucomatous optic nerve damage and corresponding abnormal SAP defined as abnormal glaucoma hemifield test results and pattern SD outside 95% normal limits. Patients with SAP abnormalities had at least one confirmatory visual field examination.
SLP imaging (software version 5.5.0; Carl Zeiss Meditec, Inc.) was performed through undilated pupils. Three consecutive scans were obtained with VCC and ECC on the same day by the same examiner. The average of three measurements was used for the analysis. A primary scan was obtained before each measurement, to compensate for the corneal birefringence. Images that were obtained during eye movement were excluded, as well as unfocused, poorly centered images or images with a quality scan score of less than 8. A fixed concentric measurement band centered on the optic disc with a 3.2-mm outer and a 2.4-mm inner diameter was used to generate the peripapillary retardation measurements. SLP parameters used as outcome measures for this investigation included: TSNIT (temporal, superior, nasal, inferior, temporal) average, superior average, inferior average, nasal average, temporal average, TSNIT-SD, and the typical scan score (TSS). The nasal and temporal RNFL values were extracted by means of an electronic data export. OCT imaging (Stratus OCT, software ver. 4.0; Carl Zeiss Meditec, Inc.) was performed through undilated pupils using a fast RNFL thickness-acquisition protocol on the same day by the same examiner. The average of two measurements was used for the analysis. Images that were obtained during eye movement or were unfocused, were poorly centered, or had a signal strength of less than 7 were excluded. OCT parameters used as outcome measures for this investigation included average TSINT RNFL thicknesses.
Eyes were stratified into two groups based on the TSS obtained with SLP-VCC, as a measure of the level of atypia in the birefringence pattern. A normal birefringence pattern (NBP) was defined as a TSS of 80 or greater. An ABP was defined as a TSS of 79 or less, 15, 18 based on previous work by Bagga et al. 15 in which the predictive probability of ABP was calculated using multiple logistic regression analysis; and eyes with a TSS below 80 had a greater prevalence of ABP images.
Statistical analysis was performed with commercial software (SPSS ver. 13.0; SPSS Inc., Chicago, IL). The independent-samples t-test, 2 test, and Mann-Whitney test were used to compare different measures between groups. Pearson correlation coefficients were calculated to investigate the association between OCT and SLP parameters and were compared by using a test of homogeneity with correlated data. 19 For each of the six SLP parameters and five OCT parameters, the areas under the receiver operator characteristic curve (AUROCs) were calculated, to compare the discriminating ability of each imaging modality to differentiate between normal and glaucomatous eyes. Significant differences in AUROC were determined by using the method of Hanley and McNeil.
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RESULTS
Ninety-five normal volunteers and 63 patients with glaucoma were included in this investigation (mean ages, 54.6 Ϯ 10.5 and 63.3 Ϯ 9.0 years, respectively). Table 1 demonstrates the clinical characteristics of the study population. The visual field mean deviation and pattern SD were significantly different between the two groups (P Ͻ 0.001). No relationship was found between TSS and visual field mean deviation (r ϭ 0.08; P ϭ 0.34) or pattern SD (r ϭ 0.01; P ϭ 0.89). We evaluated the correlation between OCT and SLP parameters by using VCC and ECC in 116 patients with NBP and 42 patients with ABP. In eyes with NBP (Table 2) , SLP-ECC had a significantly greater correlation with OCT than with SLP-VCC for the following parameters: TSNIT average (r ϭ 0.79, ECC; r ϭ 0.71, VCC; P Ͻ 0.001), superior (r ϭ 0.67, ECC; r ϭ 0.43, VCC; P ϭ 0.001), and inferior (r ϭ 0.74, ECC; r ϭ 0.37, VCC; P Ͻ 0.001), but not temporal (r ϭ 0.15, ECC; r ϭ 0.21, VCC; P ϭ 0.59) or nasal Among the study population (n ϭ 158), the TSS had an inverse correlation with measured RNFL in all sectors when SLP-VCC was used (TSNIT average, r ϭ Ϫ0.24, P ϭ 0.002; superior average, r ϭ Ϫ0.22, P ϭ 0.006; inferior average, r ϭ Ϫ0.28, P Ͻ 0.001; temporal average, r ϭ Ϫ0.68, P Ͻ 0.001; and nasal average, r ϭ Ϫ0.31, P ϭ 0.03). In normal volunteers, ECC had a significantly higher (all P Ͻ 0.001) correlation with OCT average, superior, and inferior (r ϭ 0.52, r ϭ 0.33, r ϭ 0.48, respectively) RNFL thickness than with VCC (r ϭ 0.39, r ϭ 0.006, r ϭ 0.09, respectively), but not for the temporal (r ϭ 0.002, ECC; r ϭ 0.21, VCC; P ϭ 0.09) or nasal (r ϭ 0.54, ECC; r ϭ 0.58, VCC; P ϭ 0.45) RNFL thicknesses. In patients with glaucoma, ECC had a significantly higher (all P Ͻ 0.001) correlation with OCT average, superior, and inferior RNFL thicknesses (r ϭ 0.66, r ϭ 0.70, r ϭ 0.69, respectively) compared with VCC (r ϭ 0.45, r ϭ 0.34, r ϭ 0.24, respectively), but not for the temporal (r ϭ 0.12, ECC; r ϭ 0.02, VCC; P ϭ 0.42) or nasal (r ϭ 0.45, ECC; r ϭ 0.38, VCC; P ϭ 0.45) RNFL thicknesses. Table 4 illustrates the RNFL thicknesses measured by SLP-ECC, SLP-VCC, and OCT in normal volunteers and patients with glaucoma. The AUROCs and sensitivities at fixed specificities are provided for the study population (n ϭ 158). The AUROC for SLP-ECC generated inferior thickness (0.85 Ϯ 0.03) was significantly (P ϭ 0.0002) greater than that for SLP-VCC (0.67 Ϯ 0.05). There was no significant difference between the AUROC of SLP-ECC and SLP-VCC for superior (P ϭ 0.06), temporal (P ϭ 0.42), and nasal (P ϭ 0.74) RNFL thicknesses. Figure 1 demonstrates AUROC curves for the best parameters obtained with SLP-VCC (TSNIT average), SLP-ECC (TSNIT average), and OCT (inferior average thickness). The AUROC for OCT inferior average thickness (0.91) was similar (P ϭ 0.26) to the TSNIT average obtained with SLP-ECC (0.87) and was significantly (P ϭ 0.02) greater than the TSNIT average obtained with SLP-VCC (0.81).
DISCUSSION
Glaucoma is a multifactorial optic neuropathy known to cause progressive loss of retinal ganglion cells and their axons, leading to accelerated reduction in the thickness of the RFNL.
Imaging technologies such as SLP and OCT represent useful methods for objective detection and quantification of glaucomatous RNFL atrophy. Both technologies have been demonstrated to have high levels of reproducibility, [21] [22] [23] [24] [25] [26] to incorporate age-matched normative data, and to allow noninvasive assessment of the peripapillary RNFL [27] [28] [29] [30] [31] through an undilated pupil.
SLP is a useful imaging technology for the diagnosis and monitoring of glaucoma. It is currently in its fifth commercial iteration, and considerable progress has been made in reducing artifacts originating from uncompensated anterior segment birefringence.
1,7-9,32 ABP images represent a challenge to SLP image interpretation by unfavorably altering the signal-to-noise ratio. ABP images have been reported to be more prevalent in older and myopic patients. 15 The mechanism remains obscure and is thought to be associated with reduced retinal pigment epithelial pigmentation and/or anomalous reflections from the posterior segment back to the detector. ECC represents a novel strategy for correction of ABP images by introducing a birefringence bias determined by using the birefringence pattern of the macular region, which is then mathematically removed point by point from the total birefringence pattern of the VCC image, to improve the signal and obtain a retardation pattern of the RNFL with reduced noise. 16 Toth and Hollo 16 reported a 10% to 15% prevalence of ABP images among 27 patients with glaucoma and 19 normal subjects and found that the ECC algorithm improved the mean TSS. Sehi et al. 18 reported that ECC parameters maintained a higher level of repeatability than does VCC.
In the present study, we hypothesized that by reducing the prevalence of ABP images, the ECC algorithm would improve the correlation between RNFL structural assessments obtained with SLP compared with OCT and thereby would improve the discriminating ability of SLP for glaucoma diagnosis. Our glaucoma cohort had an average visual field MD of Ϫ4.2 dB and consisted of patients with early damage, as judged using the Hodapp-Parrish-Anderson classification. 33 Indeed, we found that the correlations between structural measurements obtained using SLP-ECC and OCT were significantly greater than that of similar measurements obtained with the commercial SLP-VCC. Subgroup analysis demonstrated greater correlation coefficients between SLP-ECC and OCT in glaucomatous eyes than in normal eyes, and in eyes with ABP images than in those with NBP images. This finding is explained by the fact that SLP-VCC measures an artifactual increase in measured RNFL thickness in eyes with ABP, when using our data, and shows an inverse correlation between TSS (with lower values associated with increased ABP) and RNFL thickness parameters in all sectors. Glaucomatous eyes with ABP had an artifactual in- 
IOVS,
crease in measured RNFL, causing the correlations between SLP-VCC and OCT-generated RNFL thickness parameters to be reduced. A manifest improvement was noted with the SLP-ECC algorithm. The overall prevalence of ABP in this population using SLP-VCC was small (27%). We speculate that compared with SLP-VCC, SLP-ECC would demonstrate a more robust correlation with other structure-based technologies in populations with a higher frequency and severity of ABP. We used a TSS cutoff of 80 in this study to define ABP based on previous work by Bagga et al., 15 in which the predictive probability of ABP was calculated using multiple logistic regression analysis; eyes with a TSS less than 80 had a greater prevalence of ABP images. However, ABP images fall within a broad spectrum ranging from mild to severe, and a single cutoff may not always be appropriate. As demonstrated by Reus et al., 34 ABP is predominantly seen in the nasal and temporal regions. In contrast, we did not find a significant improvement in correlation between SLP and OCT in the temporal and nasal thicknesses obtained using ECC compared with VCC. We speculate that this observation is based on the fact that 116 (73%) of 158 patients had images classified as NBP (TSS Ͼ 80). Recent data 35 suggest that ECC improves the discriminating power of SLP only in eyes with severe ABP (TSS Ͻ 60). In our study, only 23 (15%) of 158 eyes were classified as having a severe ABP. This study was therefore underpowered to provide a full evaluation of the impact of ECC in the nasal and temporal regions.
In our cohort of patients, the best parameters for discriminating between normal and glaucomatous eyes were the TSNIT average for SLP-ECC and SLP-VCC and the inferior average for OCT. It has been reported that the TSNIT average has the best discriminating ability when VCC is used. 36 We found the inferior RNFL thickness parameter of OCT to have the highest AUROC, similar to results in other studies. 37, 38 Although both ECC and VCC correlated well with OCT, the ECC algorithm was superior to VCC, as the discriminating ability of ECC was not different from OCT, but the discriminating ability of VCC was significantly lower than OCT. The fact that ECC had a better correlation with OCT than did VCC suggests that SLP-ECC is a more robust measure for diagnosis of early glaucoma compared with the current commercial SLP-VCC. It is important to note that no single parameter or instrument should be used in isolation in clinical decisions regarding glaucoma diagnosis and that qualitative assessment of the optic nerve head is at least as sensitive and specific for glaucoma detection as quantitative methods of digital optic nerve head and nerve fiber layer imaging. 36, 39 Furthermore, recent data 40 demonstrate that using combinations of parameters from selective structure-and function-based technologies can significantly improve the sensitivity and specificity of glaucoma detection compared with structure-based parameters in isolation. AUROCs and sensitivities at fixed specificities are provided for the study population (n ϭ 158). We found that the diagnostic performance of SLP-ECC was significantly better than SLP-VCC. Although five of six of the SLP parameters had higher AUROC with ECC than with VCC, our study found a significant difference only in the inferior thickness parameter. It is important to point out that there are limitations to using the AUROC to assess the effectiveness of glaucoma diagnostic tests, 41 and recent data suggest that covariates such as optic disc size 42 and sophistication of analysis 41, 43 should be taken into account when comparing the diagnostic performance of such tests. In addition, our AUROCs may be inflated to the extent that patients referred to a glaucoma practice who do not have glaucoma, could have imaging responses different from the normal control subjects used in this study.
In conclusion, SLP-ECC has significantly stronger correlations with OCT and may improve the diagnostic accuracy of early glaucoma compared with SLP-VCC. Further studies are needed to evaluate the ability of ECC to discriminate between normal and glaucomatous eyes compared with other structureand function-based technologies.
